Despite extensive and ongoing investigations of the immune mechanisms of autoimmune diabetes in humans and animal models, there is much less information about the natural history of insulin secretion before and after the clinical presentation of type 1 diabetes and the factors that may affect its course. Studies of insulin production previously published and from the Diabetes Prevention Trial (DPT)-1 suggest that there is progressive impairment in insulin secretory responses but the reserve in response to physiological stimuli may be significant at the time of diagnosis, although maximal responses are more significantly impaired. Other factors, including insulin resistance, may play a role in the timing of clinical presentation along this continuum. The factors that predict the occurrence and rapidity of decline in ␤-cell function are still largely unknown, but most studies have identified islet cell autoantibodies as predictors of future decline and age as a determinant of residual insulin production at diagnosis. Historical as well as recent clinical experience has emphasized the importance of residual insulin production for glycemic control and prevention of end-organ complications. Understanding the modifiers and predictors of ␤-cell function would allow targeting immunological approaches to those individuals most likely to benefit from therapy. Diabetes 54 (Suppl. 2):S32-S39, 2005 R efinements in screening approaches have greatly improved the ability to identify individuals who will develop type 1 diabetes among first-degree relatives of affected individuals and possibly in the general population (1,2). In the recently completed Diabetes Prevention Trial (DPT)-1, a prospective study of first-degree (aged 3-35 years) and second-degree (aged 3-20 years) relatives of subjects with type 1 diabetes, ϳ3.7% of relatives of type 1 diabetic patients have islet cell autoantibodies (ICAs) (1). Among those ICA ϩ individuals, a high-risk cohort could be identified on the basis of insulin autoantibodies and diminished first-phase insulin response (FPIR) to intravenous glucose. These studies identified a group of individuals with a 60% risk of developing type 1 diabetes within a 5-year period, and the incidence may be higher with more observational time-a similar experience was seen in the European Nicotinamide Diabetes Intervention Trial (ENDIT) (3). Adding other autoantibodies to screening may improve prediction of disease because the risk of diabetes appears to increase as the autoimmune response becomes diversified, characterized by multiple autoantibodies, which appear sequentially over time (4, 5) .
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Although immunological markers have been extensively studied for their ability to predict diabetes, the metabolic course of pre-diabetes has not been as well characterized. Data from the NOD mouse have been conflicting. Sreenan et al. (6) reported an extended course of ␤-cell failure that begins with the onset of insulitis. There were increased rates of ␤-cell proliferation before the onset of hyperglycemia, and there was evidence of ␤-cell dysfunction because insulin secretion was reduced to a greater extent than islet mass. In contrast, Shimada et al. (7) reported that, based on acquisition of the phenotype of destructive cytokines, ␤-cell destruction was a late event in the progression of the autoimmune process in the NOD mouse.
The evolution of ␤-cell failure is of more than theoretical interest and may affect the design of interventional trials to prevent or treat the disease. The timing of the interventional studies to prevent diabetes critically depends on the rate of progression of disease as well as the ␤-cell mass that is present at the time of the intervention. For example, it had been thought that because of the profound loss of insulin secretion at the time of onset of type 1 diabetes, intervention at diagnosis would have little clinical value and, therefore, prevention trials should primarily be pursued. However, the recent interest in persistent C-peptide production in patients with long duration of type 1 diabetes has led to the development of interventional studies to preserve or even increase ␤-cell mass long after the onset of disease. In this review, we will summarize our understanding of the natural history of insulin secretion in type 1 diabetes, from pre-diabetes to established disease, and discuss the implications of these findings for interventional trials.
METHODS TO MEASURE ␤-CELL FUNCTION IN TYPE 1 DIABETES
Plasma insulin levels. The concentration of plasma insulin after a glucose stimulus has been used to evaluate insulin secretion in high-risk individuals before the development of clinical diabetes. Two tests of this type are the intravenous glucose tolerance test (IVGTT) and oral glucose tolerance test. The IVGTT was standardized in the 1990s by the Islet Cell Antibody Registered Users (ICARUS) group (8, 9) . The FPIR, the sum of the plasma insulin at 1 and 3 min after the glucose load during an IVGTT, has been correlated with an increased risk of progressing from preclinical to clinical diabetes and was used in risk stratification in the DPT-1 (1, 10) . Plasma C-peptide levels. There are limitations to the use of measurements of plasma immunoreactive insulin as a measure of insulin secretion. Insulin has a short half-life and variable first-pass hepatic extraction, and peripheral clearance makes the peripheral levels an inaccurate reflec-tion of insulin secretion (11, 12) . It is difficult to distinguish insulin from proinsulin in most assays and values can be altered in the presence of insulin antibodies. C-peptide, which is cosecreted with insulin in equimolar concentrations, can be assessed more accurately and with higher reproducibility and greater sensitivity (10-fold) and has been recommended as the appropriate outcome measure for future clinical trials aimed at preserving ␤-cell function (13) . The long half-life of C-peptide, however, makes evaluation of changes in insulin secretion over short time intervals under non-steady-state conditions difficult. Calculated insulin secretory rates. Van Cauter, Polonsky, and colleagues (11,14 -17) have developed standard kinetic parameters to be used in a two-compartment model to calculate the insulin secretory rate (ISR) under non-steady-state conditions. The parameters used for these calculations were derived from studies of the distribution of C-peptide in normal individuals and individuals with diabetes. These calculations have been used in adults and younger patients with type 2 diabetes as well as in younger patients with type 1 diabetes to provide both qualitative and quantitative information about insulin secretion (18, 19) . Whereas the parameters used in the twocompartment model derived from adults have been applied to studies with children, it is important to note that validation of these parameters in the pediatric population has not occurred, but they are not believed to be different. Stimuli of insulin secretion other than glucose. ␤-Cell response to glucose, however, is only one measure of ␤-cell function. Just after onset of clinical type 1 diabetes, patients may have low or absent response to intravenous and oral glucose but retain near-normal response to arginine and glucagon (20) . Glucagon or a mixed-meal tolerance test (MMTT) have generally been used after diagnosis, and studies have shown good correlation between the two stimuli (21, 22) . Some have advocated the use of intravenous arginine as a comparable and practically easier test (23) . However, a detailed comparison of various stimuli showed that the manifestations of impairment in insulin secretion may be related to the stimulus used. Ganda et al. (24) showed that the rank order of response to stimuli was: intravenous arginine greater than intravenous glucagon greater than oral glucose greater than intravenous tolbutamide greater than intravenous glucose. These studies highlighted that evidence of ␤-cell dysfunction is apparent well before complete unresponsiveness to intravenous glucose and that other secretagogues may be used to uncover abnormalities in insulin secretion. More recently, a number of studies have characterized ␤-cell function by indexes such as maximal insulin responsiveness to the potentiating effect of glucose and the incretin effect (the ability of gastrointestinal hormones and neural stimuli to augment the ␤-cell response beyond glycemic stimulation alone) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) .
INSULIN SECRETION IN PRECLINICAL TYPE 1 DIABETES
Early metabolic alteration: loss of expected rise in C-peptide with age. There have been few studies of insulin secretion in normal children and individuals at risk for diabetes. In a recently published interventional study of subjects at risk for type 1 diabetes, individuals in the control group who did not develop diabetes showed an increase in insulin responses with time, whereas those who progressed to diabetes did not (36) . Gottsater et al. (37) studied ␤-cell function using intravenous glucose and glucagon stimulation in healthy subjects and found that C-peptide responses increased with age in subjects between the ages of 19 and 78 years. We have analyzed data from the DPT-1 and have found similar changes with age in response to an MMTT in nondiabetic at-risk subjects (Fig.  1) . In nondiabetic subjects who are at risk for diabetes, with a median age of 12.8 years (range 3.0 -49.2), we found a significant correlation between age and C-peptide response to an MMTT (r ϭ 0.271, P Ͻ 0.0001) (Fig. 1) . In view of these changes, the decrease in insulin secretion at diagnosis may be considered not just a loss in absolute terms, but also a failure to increase with age. It is possible that the increasing insulin secretory responses occur as a result of increasing insulin resistance, particularly during adolescence, but we did not find a significant relationship between age and the homeostasis model assessment for insulin resistance in a group of 25 individuals who progressed to type 1 diabetes (38) . Loss of FPIR in pre-diabetes. A reduced FPIR to intravenous glucose during an IVGTT occurs early in the preclinical phase of type 1 diabetes. A prospective study of 23 identical twins, discordant for type 1 diabetes, showed evidence of ␤-cell dysfunction including loss of FPIR (Ͻ1% of normal control subjects) and/or autoimmunity with development of diabetes after years of discordance (39) . Likewise, in a prospective population-based study, following 52 genetically at-risk 1-to 5-year-old children for the development of type 1 diabetes, the type 1 diabetes prediction and prevention project (DIPP) found that the FPIR decreased shortly after the development of ICAs, in the first post-seroconversion IVGTT in 42% of subjects (40) . Of the 13 children who went on to develop type 1 diabetes, the average FPIR was 20 mU/l (normal Ͼ38 mU/l) 1.9 years (range 1.2-4.5) before development of clinical disease. An additional 11 children with low FPIR had not developed type 1 diabetes during 1.5-4.4 years of follow-up after seroconversion to ICA, suggesting that individuals may be able to compensate for a low FPIR many months to years before the development of type 1 diabetes.
A reduced FPIR has been used to predict which genetically at-risk individuals will progress to clinical type 1 diabetes. The Islet Cell Antibody Registered Users group showed, in a retrospective study of 217 ICA ϩ first-degree relatives of subjects with type 1 diabetes, that for individuals with an FPIR of Ͻ50 mU/l, the risk of developing type 1 diabetes within 5 years was 85%, compared with 48% for those with an FPIR of 50 -100 mU/l and 17% for those with an FPIR of Ͼ100 mU/l (41) . Results from the DPT-1 showed that in the 1,622 subjects who had an IVGTT, low FPIR was correlated with the presence of ICAs and insulin autoantibodies and with increased levels of the titers (42). It is not clear whether this finding adds significantly to the predictive value of multiple autoantibodies. However, in the Childhood Diabetes in Finland Study (DiMe), a prospective study of 758 siblings of subjects with type 1 diabetes, the risk of developing type 1 diabetes could be estimated to a maximum of 66% when using a classification based exclusively on the number of antibodies but as high as 92% when grading according to both antibodies and FPIR (43) . Later metabolic alteration: abnormal glucose tolerance. Abnormal glucose tolerance with preservation of fasting glucose is the next metabolic alteration in progression to clinical type 1 diabetes. An analysis of the data from the DPT-1 study has shown that of 585 first-and second-degree relatives of people with type 1 diabetes, who had positive ICAs and either positive insulin autoantibodies or decreased FPIR, 427 had normal glucose tolerance, 87 had impaired glucose tolerance, 3 had impaired fasting glucose, 7 had diabetes by fasting and 2-h oral glucose tolerance test criteria, and 61 had diabetes by 2-h oral glucose tolerance test criteria alone. There was a significant but not strong correlation of FPIR with categories of worsening glucose tolerance. Subjects with high FPIR had lower 2-h glucose values, those with low FPIR had a wide range of 2-h glucose values (2.8 -30.5 mmol/l), and those with the highest 2-h glucose all had low FPIR, suggesting that low FPIR was followed by impaired tolerance to oral glucose (10) . Also, there were indirect indications of defects in ␤-cell function with maximal stimulation at this intermediate stage. The 61 subjects with normal fasting glucose and diabetic oral glucose tolerance were found to have evidence of ␤-cell dysfunction in the presence of hyperglycemia (decreased glucose potentiation of insulin response to arginine and decreased maximum insulin response to arginine) as well as decreased incretin effect and a defect in the suppression of glucagon levels (25) .
In summary, the progression from preclinical to clinical type 1 diabetes may be characterized by a failure to increase insulin production with age, followed by the loss of FPIRs to intravenous glucose and finally oral glucose intolerance. The time of presentation with clinical disease may be affected by factors including the absolute level of insulin production and other metabolic needs as described below.
THE ACCELERATOR HYPOTHESIS: INSULIN RESISTANCE AS A PRECIPITATOR OF TYPE 1 DIABETES
When comparing the DPT-1 subjects with abnormal 2-h glucose values with and without abnormalities in fasting glucose, individuals with impaired fasting glucose were older, had increased fasting insulin, and had increased homeostasis model assessment for insulin resistance, suggesting that insulin resistance may play a role in the loss of the ability to maintain fasting euglycemia (10) . The importance of insulin resistance in the development of type 1 diabetes has been suggested by others and advanced in the accelerator hypothesis by Wilkin (29) . The hypothesis asserts that both type 1 and type 2 diabetes are primarily the same disorder with three accelerators at play to varying degrees in a given individual: 1) a constitutionally high rate of ␤-cell apoptosis, 2) insulin resistance, and 3) ␤-cell autoimmunity. In fact, the three may be linked together in that insulin resistance itself may increase ␤-cell apoptosis, which may release antigens and lead to ␤-cell autoimmunity in genetically susceptible individuals. In a retrospective study of 91 1-to 19-year-old children with type 1 diabetes, Kibirige et al. (30) found that BMI and weight change since birth were inversely related to age at diagnosis. A retrospective study of 99 7-to 14-year-old children with type 1 diabetes compared with age-matched control subjects demonstrated that higher energy intake based on diet history, covering the year before diagnosis, as well as higher weight-for-age were independently associated with increased risk of type 1 diabetes (31).
INSULIN SECRETION IN PATIENTS WITH NEW-ONSET TYPE 1 DIABETES
Insulin secretion at the time of diagnosis. It has been widely accepted that insulin secretion is profoundly impaired at the time of diagnosis of type 1 diabetes: previous estimates were that between 10 and 33% of normal ␤-cell mass remained based on pathological studies as well as measurement of C-peptide responses to feeding in young individuals with type 1 diabetes (44, 45) . However, the clinical approaches for metabolic control at the time that the data were collected may be different from those in current practice. The estimates of insulin secretion based on circulating C-peptide were done in individuals most likely with ambient hyperglycemia, which may exhaust the insulin secretory capacity of the ␤-cell or have a more direct inhibitory effect analogous to glucose toxicity described in type 2 diabetes (46) .
Earlier studies of insulin secretion in type 1 diabetes recognized that some individuals with type 1 diabetes had persistent C-peptide after diagnosis that was positively correlated to age at onset and, importantly, metabolic control (see below) (45, 47, 48) . Recent studies suggest that on the whole, insulin production may be more substantial at diagnosis than had been previously appreciated and that residual insulin production may persist in a subgroup of patients with autoimmune diabetes. For example, in our studies of insulin secretory responses to an MMTT in patients with new-onset type 1 diabetes, we found the average response to be 52% of the response of normal control subjects (19) . All subjects had stimulated C-peptide levels that were Ͼ0.2 pmol/ml at diagnosis, a level that had been associated with improved glucose control in the Diabetes Control and Complications Trial (DCCT) (49) . However, contemporary as well as older studies indicate that more provocative stimuli may uncover more profound losses of maximal insulin production, even in subjects with normal fasting glucose levels (24, 25) .
Thus, these studies suggest that the quantitative defect in ␤-cell function at diagnosis is less than originally indicated from pathological studies. The impairment in response to a physiological stimulus such as a mixed meal may be relatively modest (ϳ50% of normal response), but with maximal stimulation, the impairment can be shown to be more profound (ϳ30% of normal response).
Qualitative changes in insulin secretion that have been described in other forms of diabetes are also a feature of insulin secretion in type 1 diabetes at diagnosis. In our studies, there was relative preservation of basal insulin secretion (52% of normal control subjects), but the glucose-stimulated insulin secretion was severely impaired (26% of normal control subjects), consistent with the pattern of loss of stimulated insulin secretion in patients with type 2 diabetes (17). Moreover, a delayed ISR response to the MMTT was common in patients with type 1 diabetes (38%) (see below) (19) . In a patient with recentonset type 1 diabetes studied over time, Polonsky and colleagues (50 -52) reported that the tight temporal coupling between ultradian oscillations in ISR and glucose observed in nondiabetic subjects was lost, reminiscent of the loss of ultradian oscillations in ISR that have been observed in patients with type 2 diabetes and those with polycystic ovary syndrome and a family history of type 2 diabetes. In response to mixed meals, the oscillatory pattern of secretion was preserved, but the magnitude of the secretory responses was reduced. Likewise, in a study of patients with new-onset type 1 diabetes, we found that 38% of subjects with type 1 diabetes had a delayed ISR to an MMTT, whereas only 6% (2/38) of normal control subjects showed this pattern (see below) (19) . Insulin secretion during progression of type 1 diabetes after diagnosis. With time, there is typically a continuous decline in ␤-cell function. Snorgaard et al. (53) reported that the fasting C-peptide at diagnosis of type 1 diabetes was 0.17 pmol/ml, increased annually by 0.16 pmol/ml per year to a peak of 0.28 pmol/ml, and then fasting and postprandial C-peptide declined at rates of 0.08 and 0.03 pmol/ml per year in a homogenous manner. In our analysis of insulin secretion over the first 2 years after diagnosis of type 1 diabetes, we found that the ISR area under the curve during a 4-h MMTT declined at a rate of 756 Ϯ 132 pmol/ml per month to a level at 2 years that was 28 Ϯ 8.4% of the response at diagnosis (19) . Infrequently, C-peptide responses increased: of the 78 follow-up studies in 20 patients with type 1 diabetes, eight of the tests showed increased C-peptide responses to the MMTT after diagnosis compared with the study at diagnosis. However, the increases were not persistent over time-generally, they were not repeated in subsequent studies. By 24 months, 47% of patients had C-peptide levels that were below the lower limit of detection (0.03 pmol/ml). A similar experience was reported in the control group from the Canadian-European Cyclosporin trial, with only 27 and 10% of patients in a non-insulin-requiring remission at 3 and 12 months, respectively, after diagnosis (54).
FACTORS AFFECTING INSULIN SECRETION AT DIAGNOSIS AND ITS LOSS AFTERWARD
Age. Several factors have been studied as predictors of the natural history of ␤-cell response and decline. The most important of which is age. Karjalainen et al. (55) reported that type 1 diabetes that begins in adulthood (20 -55.8 years) is characterized by a longer asymptomatic period before diagnosis and better preservation of residual ␤-cell function than type 1 diabetes beginning in childhood (1.3-18.2 years). Similarly, in our prospective study, we found that a greater insulin secretory reserve correlated with older age at presentation (the correlation between insulin secretory reserve and age at diagnosis was 0.54, P ϭ 0.012), and in our current analysis of subjects in the DPT-1, the correlation between age at diagnosis and C-peptide area under the curve to an MMTT was similar (r ϭ 0.307, P Ͻ 0.01, n ϭ 70). In the DCCT, 48% of adult subjects had significant C-peptide levels (Ͼ0.2 pmol/ml) at the time of screening for entry into the study (duration 1-5 years), whereas 33% of adolescents had this level. Bonfanti et al. (56) found significantly reduced C-peptide levels in patients with type 1 diabetes diagnosed at less than 5 years of age compared with diagnosis at an older age ( Table 1) .
The inverse correlation of age with greater loss of insulin reserve at diagnosis may suggest that type 1 diabetes follows a more aggressive course in younger children. However, it could also be accounted for by other variables such as overall lower insulin responses in younger patients and/or greater insulin resistance in older patients, leading to a clinical presentation at an earlier Aggressive management of type 1 diabetes has been shown to reduce the decline in insulin production.
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stage of disease. There are limited data on the natural history of insulin secretory function in patients with type 1 diabetes; however, the available data would suggest that the disease course, at least after diagnosis, follows a similar progression across ages. Our current analysis of the DPT-1 data indicates that the proportion of the Cpeptide response at diagnosis relative to the response just before diagnosis is similar in younger and older subjects. Likewise, Wallensteen et al. (57) found that the slopes of the lines describing the changes in stimulated C-peptide over time were Ϫ0.017 pmol/ml per month in subjects 1-5 years of age, Ϫ0.019 pmol/ml per month in subjects 6 -11 years of age, and Ϫ0.021 pmol/ml per month in subjects 12-17 years of age. Gottsater et al. (58) found that there was a similar decline in stimulated C-peptide in ICA ϩ patients with type 2 diabetes (age 50 Ϯ 5 years) as in younger adult patients with type 1 diabetes (37 Ϯ 5 years) but not in adult patients with type 2 diabetes who were ICA Ϫ (age 52 Ϯ 4 years), suggesting that in patients with evidence of autoimmunity, the disease progression is comparable from childhood through adulthood. ␤-Cell dysfunction. ␤-Cell dysfunctional patterns have also been postulated to identify rates of disease progression. For example, we found that patients who had a delayed ISR to an MMTT (38% of patients with type 1 diabetes but only 5% of normal control subjects) had a slower rate of loss of ISR area under the curve to a 4-h MMTT response (336 Ϯ 186 pmol/month) than those with a normal early response to the meal (936 Ϯ 150 pmol/ month) (19) . A relatively high ratio of proinsulin/C-peptide has been identified in Scandinavian studies of patients with type 1 diabetes, but a prolonged partial remission was more common in patients with a low proinsulin/C-peptide ratio at onset (59) . Glucose control. The earliest studies of ␤-cell function in type 1 diabetes showed that strict glycemic control improved stimulated C-peptide responses but the effects were of short duration (60, 61 ). An improvement secondary to glucose control was also seen in the DCCT, in which C-peptide responses were significantly greater in the intensively controlled group compared with individuals in the group receiving conventional therapy over a 5-year follow-up period (49) . The mechanisms responsible for these observations remain unresolved. The expression of one autoantigen, insulin, might be expected to be reduced with more intensive metabolic control, but a more precise definition of mechanisms from animal studies will be needed to determine the precise effects of metabolic control on the disease process. Other factors. There has not been consistency in the prediction of the natural history of disease using other parameters, although generally most studies have found enhanced rates of progression in autoantibody-positive individuals. Bonfanti et al. (62) reported that remission of diabetes was more common in older patients without detectable GAD antibodies but that sex, IA-2 autoantibodies, and HLA-DR were not independently associated with C-peptide secretion or insulin requirements. Likewise Wallensteen et al. (57) found that ICA Ϫ patients had higher postprandial C-peptide levels at 1, 9, and 12 months after diagnosis compared with ICA ϩ patients. Similar findings were reported in studies by Torn et al. (63) and Decochez et al. (64) , in which young age at diagnosis and high titer ICAs identified a group of patients with type 1 diabetes at high risk of rapidly losing residual ␤-cell function. However, Sabbah et al. (65) and Daneman et al. (66) reported no significant difference in metabolic decompensation at diagnosis between autoantibody-positive and autoantibody-negative patients and suggested that the intensity of the humoral islet-directed immune response has little influence on the clinical characteristics at diagnosis. In addition to autoantibodies, male sex appears to identify higher rates of progression in some but not all studies (53, (62) (63) (64) .
CLINICAL IMPORTANCE OF RESIDUAL INSULIN SECRETION
The essential clinical question is the significance of even the small amount of residual insulin production on metabolic control of disease because metabolic control is ultimately the determinant of end-organ complications of type 1 diabetes. Clinical studies have consistently suggested that retention of some insulin secretion is associated with improved and more stable glucose control (48, 67) . In our study of patients with type 1 diabetes, within the first 2 years of disease, there was a significant inverse relationship between the insulin secretory response and the HbA 1c (A1C) level (r ϭ 0.401, P ϭ 0.003) (19) . Earlier studies had suggested that only the subgroup with the highest levels (stimulated C-peptide levels Ͼ0.3 pmol/ml) had improved metabolic control compared with others (68) , but data from the DCCT indicated that individuals with a low but clearly measurable stimulated C-peptide response (Ͼ0.2 pmol/ml) had improved metabolic control compared with individuals with stimulated responses below this level. (Note that all enrollees in the DCCT were required to have a stimulated C-peptide Ͻ0.5 pmol/ml.) At the time of study entry, the "responders" (i.e., stimulated C-peptide Ͼ0.2 pmol/ml) were older (28.2 vs. 26.1 year), had shorter duration of diabetes (2.1 vs. 2.9 years), used less daily insulin (0.49 vs. 0.69 units ⅐ kg Ϫ1 ⅐ day Ϫ1 ), and had lower A1C levels (8.3 vs. 9.2 Ϯ 1.6%) (13) . Importantly, the DCCT data also indicated that patients with any C-peptide secretion, but especially those with the highest levels, had a reduced incidence of retinopathy and nephropathy (69) . In addition, the incidence of hypoglycemia, the most common complication of insulin-treated diabetes, has been shown to be inversely related to residual insulin production. Improved glucagon secretory responses have been seen in patients with greater insulin secretory reserve (70) . A relationship between ␣-and ␤-cell function in this setting has recently been suggested. During exogenous insulin administration, hypoglycemia is not followed by a decrease in the intra-islet insulin concentration, which could impair the stimulation of glucagon secretion (71) .
The clear evidence of the clinical significance of residual ␤-cell function in stabilizing metabolic control and thereby preventing complications of diabetes has led an expert panel to conclude that C-peptide is an appropriate end point for clinical trials to preserve insulin production in type 1 diabetes (13).
INSULIN SECRETION IN PATIENTS WITH ESTABLISHED TYPE 1 DIABETES
Recent interest has focused on the prevalence of residual insulin secretion in patients with established type 1 diabetes, an observation that originated with the initial studies of C-peptide secretion in type 1 diabetes (48, 72) . The data from the DCCT suggested that this prevalence is infrequent in individuals diagnosed as children but is more frequent in individuals diagnosed over the age of 18 years, possibly because of the higher insulin secretion in these patients at the time of diagnosis. In that cross-sectional data, 3% of adolescents and 8% of adults with disease duration of Ͼ5 years had stimulated C-peptide levels Ͼ0.2 pmol/ml. Pathological studies have drawn attention to the prevalence of residual insulin-positive cells in pancreata from patients with type 1 diabetes, suggesting that failure to progress to complete islet cell destruction may be more common than had previously been appreciated based on measurement of peripheral C-peptide levels alone. In a pathological study of pancreata from 26 patients with disease duration of 2-54 years, insulin-positive cells were found in 13 of 26 pancreata and in all pancreata from patients with diabetes duration less than 11 years, but near 40% from those with diabetes duration of more than 11 years (73) . In this study, survival of the insulin-positive cells was not related to age at onset. A recent case report describes the recovery from type 1 diabetes in a 13-yearold male who initially presented with glycosuria and ketonuria (74) . Finally, the improvement in C-peptide responses that have been identified within the first 6 months after diagnosis in some individuals suggests that repair of the loss of ␤-cell function and/or mass may occur early in the course of the disease. However, it should be emphasized that these examples are the exceptions rather than the general pattern of progression of the disease in the majority of patients.
The reason that any ␤-cells should persist, and hence insulin secretion, is not clear from our current understanding of the natural history of the autoimmune process and the described recurrence of disease in recipients of pancreas and possibly islet transplants. The relatively poor predictive value of a single autoantibody test in a prediabetic individual suggests that, at some point in the autoimmune process, progression may be halted. Perhaps, just as not all individuals with autoimmunity progress to disease, not all individuals with disease progress to complete loss of ␤-cell mass. Preservation of ␤-cells may occur because not all cells are equivalent targets of the response or because the response has been attenuated.
A second potential explanation for the persistence of insulin secretion is that there is renewal of ␤-cells. The extensive experience in patients with type 1 diabetes treated with immune-suppressive drugs to prevent kidney allograft rejection would suggest that recovery of significant ␤-cell function is not likely even in the setting of immune suppression. However, the drugs used in most transplant recipients, including cyclosporin A, FK-506, and glucocorticoids, have either direct inhibitory effects on insulin secretion or interfere with insulin action. Moreover, the immune suppression that may be needed to block autoimmune diabetes may be different from that needed to prevent allograft rejection.
The possibility that there is renewal of human islet cells in patients with type 1 diabetes remains an unresolved question. There have been several studies in animal models supporting this notion (75) (76) (77) . In humans, data supporting ␤-cell proliferation is largely anecdotal, such as the finding of detectable C-peptide in patients with longstanding type 1 diabetes at the time of pregnancy and/or postpartum (78, 79) . Increased insulin production was thought to account for the development of hypoglycemia during the first trimester of pregnancy in 10 women with established type 1 diabetes when C-peptide levels were found to be 0.2 Ϯ 0.02 pmol/ml and had been undetectable before pregnancy.
CONCLUSION
Clinical studies and those in animal models have changed previous concepts of the metabolic changes that occur during and after the development of type 1 diabetes. These studies have drawn attention to the quantitative and clinically important insulin secretory reserve that is found in individuals at risk for developing type 1 diabetes and at the time of presentation. Based on experience from the DCCT, intervention trials at the time of onset, if successful, would be expected to have significant effects on metabolic control of the disease and, if maintained, ultimately on development of secondary end-organ complications. In younger patients, a more aggressive approach to intervention may be needed because of the limited reserve that is present at the time of diagnosis, whereas older individuals may benefit from intervention even months after diagnosis. The potential for replication of ␤-cells is largely unknown but is consistently suggested by animal models and even by anecdotal human experience. Combinatorial therapy that could induce immunological tolerance and stimulate the replicative process would have important potential for treatment.
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